Introduction: This study was based on the hypothesis that some components of the angiotensin-(1-7) (Ang-(1-7)) system are differentially expressed during follicular development and can be involved in the follicular health/atresia transition in bovine.
Introduction
It is well established that the follicular growth in singleovulating species occurs in waves, being primary orchestrated by endocrine factors, mainly gonadotrophins (follicle-stimulating hormone (FSH) and luteinizing hormone (LH)), their receptors (FSHr and LHCGr), and ovarian steroids. The transient increase in FSH levels stimulates the growth of a cohort of follicles until one follicle is selected to continue growing, while the other follicles regress because of the low levels of FSH in the follicular deviation stage. 1 During the nadir of FSH secretion, several genes are differentially expressed in the microenvironment of follicles to allow the survival of granulosa and theca cells, allowing the dominant follicle to become "FSH independent" and to continue its growth. 2 More recently, focus has shifted to the microenvironment of follicles and an emerging appreciation that changes in that environment provide a critical "fine-tuning" of follicular regulation. The deviation phase is one of the development stages that depend on changes in the follicular microenvironment. Previous studies have characterized some important local factors, such as members of the insulin-like growth factor (IGF) and transforming growth factor beta (TGFβ) family, in follicular development. [3] [4] [5] However, the autocrine and paracrine control of folliculogenesis is poorly understood in single-ovulating species.
The renin angiotensin system (RAS) has emerged as an important local system in the regulation of reproductive events. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among the peptides of the RAS, angiotensin II (Ang II) is one of the major bioactive compounds. Ang II receptors are present in theca and granulosa cells in cattle, 10 and the levels of Ang II increase in the dominant follicle during follicular deviation. 15 Also, we have previously demonstrated that RAS components are differentially regulated during the development of dominant and subordinate follicles, 15 that saralasin (a competitive inhibitor of Ang II) inhibits follicular growth, and that Ang II plays a key role in the follicular microenvironment during the nadir of FSH secretion in cattle. 14 Taken together, these results strongly suggest that Ang II has important biological activity during follicular development.
Angiotensin-(1-7) (Ang-(1-7)) has been shown to be another important active compound of the RAS. This peptide results either from the cleavage of angiotensin I (Ang I) by neutral endopeptidase (NEP) and prolyl endopeptidase (PEP) or from Ang II by angiotensin-converting enzyme II (ACE 2 ) and PEP. 17 Ang-(1-7) acts through the G protein-coupled receptor Mas 18 and can be specifically inhibited with d-Ala7-Ang-(1-7), also known as A-779 (Mas receptor antagonist). 19 Serum concentrations of Ang-(1-7) are similar to those observed for Ang II. 20 However, the effect of Ang II and Ang-(1-7) are similar in some tissues (i.e. brain 21 ) and different in others (i.e. kidney and heart 17 ).
Recently, our group found that the levels of Ang-(1-7) increase in follicular fluid obtained from bovine preovulatory follicles at 24 hours after gonadotropin-releasing hormone (GnRH) analog challenge and that ACE 2 , NEP, and PEP were differentially expressed in granulosa cells during the periovulatory period. 22 It was also shown that the expression of mRNA for the Mas receptor was not regulated in granulosa and theca cells after an LH surge. In perfused rat ovary, Ang-(1-7) induced an increase in estradiol and progesterone levels, which was inhibited by A-779. 23 It was also shown that the expression of mRNA for Mas receptor and ACE 2 increased in rat ovaries treated with equine chorionic gonadtropin (eCG), 12 suggesting a possible regulation mediated by gonadotropins. However, the function of Ang-(1-7) is little known in the ovary and far less is known in single-ovulating species.
This work was based on the hypothesis that some components of the Ang-(1-7) system are differentially expressed during follicular development and can be involved in the follicular health/atresia transition in the bovine. The present study characterized the mRNA expression of the Mas receptor and key enzymes for Ang-(1-7) production, such as, ACE 2 , NEP, and PEP during follicular development. Furthermore, follicular atresia was induced by intrafollicular injection of an estradiol-receptor inhibitor to evaluate the regulation of the local Ang-(1-7) system during health/ atresia transition.
Materials and methods

Experiment 1: Mas receptor, ACE2, PEP, and NEP mRNA expression during bovine follicular wave
This experiment investigated the mRNA expression of the Mas receptor, ACE 2 , PEP, and NEP before, during, and after follicular divergence. Thirty-six weaned beef cows (predominantly Hereford and Aberdeen-Angus), with an average body condition score of 3 (1 = emaciated and 5 = fat) were treated with two doses of a prostaglandin F2α (PGF2α) analog (cloprostenol ® , 125 µg; Schering-Plough Animal Health, Brazil) intramuscularly (im), 12 hours apart. Estrus signs were observed within three to five days after PGF2α, and the experiment was performed during the first follicular wave of the estrous cycle. Ovaries were then examined once a day by transrectal ultrasonography, using an 8-MHz linear-array transducer (Aquila Vet Scanner ® , Pie Medical, Netherlands). All follicles larger than 5 mm were drafted using three to five virtual slices of the ovary, allowing a three-dimensional localization of follicles and monitoring of individual follicles during follicular wave. 24 The day of the follicular emergence was designated as Day 0 of the wave and was retrospectively identified as the last day on which the dominant follicle was 4 or 5 mm in diameter. 25 The cows were randomly assigned to be ovariectomized by colpotomy at Days 2, 3, and 4 of the follicular wave (four cows for each day) to recover the largest and the second largest follicle from each cow.
Experiment 2: Mas receptor, ACE 2 , and PEP mRNA expression during initial atresia
This experiment investigated whether mRNA expression of the Mas receptor, ACE 2 , and PEP is regulated during initial atresia of a dominant follicle. Twenty adult cyclic cows (as previously described in experiment 1) were synchronized with a progesterone-releasing intravaginal device (1 g progesterone, DIB ® , Intervet Schering Plough), an injection of 2 mg estradiol benzoate im (Genix, Anápolis, Brazil), and two injections of 250 µg sodium cloprostenol im (12 hours apart; Ciosin ® , Intervet Schering Plough) as previously described. 15, 26 All treatments were performed at the same time on Day 0. Four days later, the progesterone devices were removed and the ovaries were monitored daily until the largest follicle of the growing cohort reached a diameter of 7-8 mm. At this moment, fulvestrant (estrogen receptor antagonist, Sigma I4409) in a final concentration of 100 µM or saline was intrafollicularly injected as previously described. 9, 15, 26 The cows were ovariectomized 12 (n = 3/group) or 24 hours (n = 3/group) after the intrafollicular injection. All experimental procedures using cattle were reviewed and approved by the Federal University of Santa Maria Animal Care and Use Committee (ACUC).
Processing of ovarian follicles
The ovariectomy was realized by colpotomy and follicular fluid, granulosa, and theca cells were recovered from F1 and F2 (experiment 1) and from fulvestrant-or salinetreated follicles (experiment 2) and stored at −80ºC. Follicular fluid estradiol levels from all follicles were determined by enzyme-linked immunosorbent assay (ELISA) following the manufacturer's instructions (Cayman Biochemical). Cross-contamination of the theca and the granulosa cells was tested by quantitative realtime-polymerase chain reaction (qRT-PCR) to detect cytochrome P450 aromatase (CYP19A1) and 17α-hydroxylase (CYP17A1) mRNA. The granulosa cells that expressed CYP17A1 and the theca cells that expressed CYP19A1 were discarded. 27 The largest and second largest follicles were recovered from ovaries collected at the expected moment of follicular divergence (Day 3 of the first follicular wave of a cycle). The isolated follicles were fixed to the immunolocation of the Mas receptor in granulosa and theca cells.
Nucleic acid extraction and reversetranscribed qRT-PCR
Total RNA was extracted using Trizol (theca cells) or a silica-based protocol (granulosa cells, Qiagen, Mississauga, ON, Canada) according to the manufacturer's instructions and was quantified by absorbance at 260 nm. Total RNA (1 µg) was first treated with 0.2 U DNase (Invitrogen) at 37°C for five minutes to digest any contaminating DNA, followed by heating to 65°C for three minutes. The RNA was reversetranscribed in the presence of 1 µM oligo(dT) primer, 4 U Omniscript RTase (Omniscript RT Kit, Qiagen, Mississauga, ON, Canada), 0.5 µM dideoxynucleotide triphosphate (dNTP) mix, and 10 U RNase Inhibitor (Invitrogen) in a volume of 20 µl at 37°C for one hour. The reaction was terminated by incubation at 93°C for five minutes.
qRT-PCR was conducted in a Step One Plus instrument (Applied Biosystems, Foster City, CA, USA) with Platinum SYBR Green qPCR SuperMix (Invitrogen) and bovinespecific primers (Table 1) . Common thermal cycling parameters (three minutes at 95°C, 40 cycles of 15 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C) were used to amplify each transcript. Melting-curve analyses were performed to verify product identity. The samples were run in duplicate and were expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the housekeeping gene. The relative quantification of gene expression across treatments was evaluated using the delta delta (dd)CT method. 28 Briefly, the dCT was calculated as the difference between the CT of the investigated gene and that of GAPDH in each sample. The ddCT of each investigated gene was calculated as the difference between the dCT in each treated sample and the dCT of the sample with lower gene expression (higher dCT). The fold change in relative mRNA concentrations was calculated using the formula 2 -ddCT . Bovine-specific primers (Table 1) were taken from the literature and synthesized by Invitrogen.
Immunofluorescence assessment
Ovaries were collected by ovariectomy as previously described in experiment 1. The largest and second largest follicles of the first follicular wave of the estrous cycle were isolated from the ovaries. 29 The isolated follicles were fixed in 4% paraformaldehyde for six hours and paraffin embedded. Histological sections 5 µm in thickness and slide preparations were made to perform immunofluorescence analysis. Slides were deparaffinized using Xylene for 15 minutes, rehydrated through a graded alcohol series (one time for five minutes each at 100%, 90%, 80%, 70%, and 50% dilution), and rinsed for 15 minutes in ddH 2 O. Endogenous peroxidase activity was then blocked for 20 minutes in 0.3% H 2 O 2 and washed three times in phosphate-buffered saline (PBS)1X for five minutes. After washing, the slides were carefully blotted using a PAP pen (Vector Laboratory, Burlingame, CA, USA) around the tissue. A blocking solution (PBS1X with 3% of bovine serum albumin and 0.2% Twen-20) was used to block nonspecific sites for two hours at room temperature in a humidified chamber. After washing three times in PBS1X for five minutes, the same blocking solution was used to incubate the primary Mas receptor antibody (sc-135063; 1:50; Santa Cruz Biotechnology) in a humidified chamber overnight at 5 o C. After this incubation, samples were washed three times in a PBS1X containing 0.2% Tween-20 for five minutes before being incubated for one hour at room temperature in a goat anti-rabbit immunoglobulin G (IgG) antibody conjugated with Alexa Fluor 488 (1:500; Invitrogen). Then, slides were washed three times in a PBS1X containing 0.2% Tween-20 for five minutes. Finally, to enable nuclear staining visualization, samples were incubated with 300 nM of 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) in PBS1X for five minutes at room temperature. Then, slides were mounted with a space between the coverslip, filled with a 50 µl drop of Aqueous Mounting Medium (Fluoromount; Sigma), and sealed with nail polish. Laser-scanning confocal microscopy was performed using a Confocal Microscope Espectral FV1000 (Olympus). The laser-scanning microscope was equipped with two lasers for the simultaneous excitation of Alexa Fluor 488 fluorescent for the Mas receptor and DAPI for DNA. Image software FV-Viewer (Olympus) was used to obtain sample images.
Statistical analysis
The regulation of mRNA-encoding Mas receptor, ACE 2 , PEP, and NEP proteins was analyzed by analysis of variance (ANOVA) and a multicomparison between days or groups was performed by least square means. Data were tested for normal distribution using Shapiro-Wilk test and normalized when necessary. All analyses were performed using JMP software (SAS Institute Inc, Cary, NC, USA) and a p < 0.05 was considered statistically significant. Data are presented as means ± SEM. 
Results
Gene expression of MAS receptor, ACE 2 , NEP, and PEP in theca and granulosa cells before, during, and after the expected moment of follicular deviation
Data from the follicular diameter, granulosa cells aromatase (CYP19) relative to mRNA abundance, and follicular fluid estradiol concentration of the largest and the second largest follicle collected at Days 2, 3, and 4 of the first follicular wave of a cycle were previously published by our group. 15 With this in vivo experimental model, we observed that the mRNA expression of the Mas receptor was upregulated in the granulosa cells of the second largest follicle after the establishment of follicular deviation (Figure 1(a) ), while PEP mRNA increased during and after the deviation process (Figure 1(c) ). However, the mRNA expression of ACE 2 was upregulated in the granulosa cells of the largest follicle at the expected moment and after the establishment of follicular deviation (Figure 1(b) ). The mRNA expression of MAS, PEP, and ACE 2 was detected in the theca cells of the largest and second largest follicle, but was not regulated during follicular wave development (data not shown). The mRNA expression of the NEP enzyme was weakly detected in the granulosa and theca cells, but was not regulated throughout development of the largest and second largest follicle (data not shown). The Mas receptor protein was detected by immunofluorescence in the granulosa and theca cells of the largest and second largest follicles (Figure 2 ).
Gene expression of Mas receptor, ACE 2 , and PEP in granulosa cells of dominant follicles induced to atresia
Intrafollicular treatment with fulvestrant decreased CYP19A1 gene expression and induced the atresia of the dominant follicle 12 hours after treatment (data previously confirmed by authors). The mRNA expression of ACE 2 and PEP enzymes did not differ between fulvestrant-and saline-treated follicles at 12 and 24 hours after intrafollicular treatment. However, the mRNA expression of the Mas receptor was upregulated in fulvestrant-treated follicles at 12 and 24 hours after intrafollicular treatment ( Figure 3 ). 
Discussion
Our significant findings are: 1) the mRNA expression for RAS components to produce intracellular Ang-(1-7) were demonstrated during follicular deviation using a bovine in vivo model; 2) differential mRNA expression of the Mas receptor, ACE 2 , and PEP enzymes were observed in granulosa but not in theca cells during follicular deviation; 3) the Mas receptor was immunolocated in granulosa and theca cells of the largest and second largest follicles during the expected follicular deviation moment; 4) NEP enzyme was expressed, but not regulated, in granulosa and theca cells during follicular deviation; and 5) mRNA expression of the Mas receptor was upregulated in granulosa cells of dominant follicles induced to atresia. A well-established experimental in vivo model proposed by Rivera et al. 30 was used in this study to find that the mRNA expression to the Mas receptor is upregulated in granulosa cells of subordinate follicles after establishment of follicular deviation. Moreover, the induction of dominant follicle atresia after intrafollicular treatment with fulvestrant upregulated the mRNA expression of the Mas receptor 12 and 24 hours after intrafollicular treatment. This is the first time that the expression of the Mas receptor was correlated with follicular atresia. The activation of the Mas receptor by Ang-(1-7) is able to inhibit cell growth in several local systems. The antimitogenic effects of Ang-(1-7) were initially shown in vitro and in vivo in vascular smooth muscle cells 31 and cardiac myocytes, 32, 33 and this effect was mediated by decreased mitogen-stimulated protein synthesis. 33 Previous studies have demonstrated that Ang-(1-7) inhibits the growth of human lung cancer cells in vitro 34 and tumor angiogenesis in vivo through activation of the Mas receptor. 35 This effect appears to be mediated, at least in part, by reducing the expression and activity of matrix metalloproteinase (MMP)-2 and MMP-9 in the pulmonary tissue. 36 Together, these results suggest that a higher mRNA expression of the Mas receptor in granulosa can be a required mechanism to mediate the Ang-(1-7) effect on follicular atresia. However, these findings contradict the results obtained in multiovulatory species, where the Mas receptor was upregulated in healthy and estrogenactive follicles. 12 This difference between species is similar for the angiotensin II subtype 2 (AT 2 ) receptor, which is selectively expressed in atretic follicles in the rat 37, 38 while it is upregulated in granulosa cells of healthy follicles in cattle. 10 The mRNA expression of ACE 2 was upregulated in the dominant follicle during and after the establishment of follicular deviation (Days 3 and 4 after the beginning of the follicular wave). These results were expected because, using the same experimental model in vivo, our group demonstrated that the mRNA expression of CYP19 and the levels of estrogen and Ang II increase in the dominant follicle during Days 3 and 4 after the beginning of the follicular wave. 15 Lin et al. 39 demonstrated that Ang II stimulates the ACE 2 expression in fibroblasts isolated from the human heart. An increase in the mRNA expression of ACE 2 , mediated by Ang II, was also observed in the aorta of hypertensive rats, which confirms the assumption that Ang II exerts a positive regulatory action on ACE 2 . 40, 41 Together, these results denote that increased ACE 2 expression, induced by Ang II, may be a mechanism of selfcontrol that is designed to prevent an excessive increase in the local concentrations of Ang II. Furthermore, the ACE 2 activity also appears to be regulated by circulating levels of estrogen; therefore, rats supplemented with estrogen had increased renal ACE 2 activity. 42 Thus, we can infer that estradiol and Ang II levels in follicular fluid can regulate ACE 2 expression in the dominant follicle during and after the establishment of follicular divergence, and this event can be an important mechanism for controlling intrafollicular levels of Ang II. However, more studies are needed to understand how ACE 2 expression is regulated in granulosa cells and which are its effects on follicular development.
The mRNA expression of the PEP enzyme was upregulated in granulosa cells of the subordinate follicle during and after the establishment of follicular deviation. Our result contradicts the findings of Pereira et al., 12 which demonstrated that the PEP mRNA expression increases in ovarian homogenates of eCG-treated rats. However, Pereira et al. 12 evaluated the PEP mRNA expression in ovarian homogenates from immature female (controls) compared with eCG-treated rats and thus the effect observed by these authors on PEP and Mas receptor expression may be due to an increase in ovarian activity produced by eCG treatment. As the ACE 2 expression is lower in subordinate follicles, the conversion of Ang II into Ang-(1-7) or Ang I into Ang-(1-9) does not seem to be the main pathway to Ang-(1-7) production in subordinate follicles. Thus, high PEP mRNA expression during and after the establishment of follicular deviation suggests that the conversion of Ang I into Ang-(1-7) may be the choice pathway for Ang-(1-7) production in subordinate follicles. However, further studies are needed to confirm these statements and to understand how this regulation works during follicular deviation. We did not find regulation in NEP mRNA expression during follicular development, raising the possibility of an absence of action in the ovary or the regulatory involvement in other ovarian peptides. 12, 43 
Conclusions
In conclusion, mRNA for Mas receptor, ACE 2 , NEP, and PEP is expressed in theca and granulosa cells of dominant and subordinate follicles before, during, and after the follicular deviation phase. The differential mRNA expression of these enzymes during follicular deviation suggests the involvement of the Ang-(1-7) system in the regulatory process of follicular deviation in cattle. The upregulation of the Mas receptor mRNA expression in granulosa cells of the subordinate follicle after follicular deviation and in dominant follicles induced to atresia suggests an involvement of this receptor with the follicular atresia and with the establishment of follicular dominance.
